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Abstract

Background

Accidental intraoperative hypothermia is a common and avoidable adverse event of the
perioperative period and is associated with detrimental effects on multiple organ systems and
postoperative patient outcomes. In a resource limited environment the prevention of
intraoperative hypothermia is often challenging. Resourceful clinicians overcome these
challenges through creative devices and frugal innovations. This study aims to investigate the
thermal performance of two such Baragwanath Rewarming Appliances (BaRA) against that of

the Hotline® in an attempt to describe an optimal setup of these devices.
Methods

This was a quasi-experimental laboratory study that measured the thermal performance of two
BaRA devices and the Hotline® in a number of scenarios. Independent variables fluid type,
flow rate, warming temperature and warming transit distance were sequentially altered and
temperatures measured along the stream of fluid. DeltaT was calculated as the difference
between entry and exit temperature for each combination of variables for each warming

device.
Results

A total of 219 experiments were performed. The BaRA A configuration at a temperature of
43°C with a transit distance of 200 cm either matched or exceeded the DeltaT of the Hotline®
with all fluid type and flow rate combinations. The BaRA B configuration does not provide
comparable thermal performance to the Hotline®. Measured flow rates were noticeably slower

than manufacturer quoted values for all intravenous (IV) cannulae used.Conclusion

A warm water bath at 43°C with 200 cm of submerged IV tubing provides thermal
performance comparable to the Hotline, with all fluid type and flow rate combinations.



Acknowledgements

I would like to acknowledge the following for their contribution to this research report.

My supervisors, Maria Fourtounas and Christopher Anamourlis, thank you for your guidance

and coaching along this academic marathon.

The statisticians from the Health Science Research Office, Dr Innocent Maphosa and Dr

Zvifadzo Zingoni and Dr Petra Gaylard from DMSA for making sense of all the 1’s and 2’s.

Dr Glenda Norman from the Wits University Department of Physiology for granting me

access to their lab in order to calibrate the multichannel thermistor.

Mr Thomas Davies for guidance and assistance in the design and construction of the

multichannel thermistor and data capture application.

The staff at Chris Hani Baragwanath Academic Hospital for assisting with enduring my

makeshift laboratory in JD Allen Theatre 4.

And finally all friends and family that assisted with support both emotional and physical
during this MMed.



Abbreviations

ANOVA
BaRA
CEO
CHBAH
COVID-19
CPAP
CSv
GLM
HOD

v
LMICs
MAC
NICE
PRBC
SANBS
SAJAA
SASA
WEFSA
WHO

Wits

Analysis of variance

Baragwanath Rewarming Appliance

Chairperson of the executive office

Chris Hani Baragwanath Academic Hospital
Corona virus disease 2019

Continuous positive airway pressure

Comma separated value

General linear model

Head of department

Intravenous

Low and middle income countries

Medical Advisory Committee

National Institute of Clinical Excellence

Packed red blood cells

South African National Blood Service

South African Journal of Anaesthesia and Analgesia
South African Society of Anaesthesiologists

World Federation of Societies of Anaesthesiologists
World Health Organization

University of the Witwatersrand



Table of Contents

Declaration i
Abstract 11
Acknowledgements 11
Abbreviations v
List of Figures vil
List of Tables viil
Section 1. Author’s Guidelines 9
Section 2. Draft Article 18
2.1  Cover Letter 18
2.2 Introduction 21
2.3 Methods 25
2.4 Results 27
2.5 Discussion 29
2.6 Conclusion 31
2.7 References 34
Section 3. Proposal 37
3.1 Extended Literature Review 37
3.2  Problem Statement 42
33 Aim 42
3.4 Objectives 42
3.5 Research assumptions 43
3.6  Demarcation of the study field 46




3.7

3.8

3.8.1 Research design

3.8.2 Study sample

Research methodology

Ethical considerations

46

46

46

48

3.8.3 Collection of data

3.8.4 Data analysis

3.9

3.10

3.11

3.12

3.13

3.14

Section 4. Appendices and Annexures

4.1

4.2

43

4.4

4.5

4.6

49

50

Significance of the study

Validity and reliability of the study

Potential limitations of the study

Project outline

Financial plan

References

Appendix A - Human Research Ethics Approval

Appendix B — SANBS Approval

Appendix C — Permission Medical Advisory Committee

Appendix D — Permission Heads of Department

Appendix E — Turnitin Report

Appendix F — Supplement — Multichannel thermistor and BaRAGRABA 2.0 construction

and calibration

50

51

52

53

53

55
60

60

61

62

63

65

78

Vi



List of Figures

Figure 2-1 BaRA device CONTIGUIATIONS .....eeviriiriieieiieiieieeiiesie et 24
Figure 2-2 Experiment SChemMAtiC........cocuivuieriiriiniieieciesiceieeeree ettt 25
Figure 2-3 Estimated mean DeltaT for each warming device.........c.ccceeeverieninnienienenniennenn 28
Figure 3-1 BaRA device CONTIGUIATIONS .....eeuvirieriieieiiieiieieeiieree ettt s 43
Figure 3-2 Experiment SChemMAtiC........cocuiruieriiriiniieieiiesieeieeeseee et 45
Figure 3-3 Sample population ...........cccceoiieiiieiiieiiieiie ettt 48
Figure 4-1 Circuit dia@ram ........oc.ooiiriiiienieieeiesiee ettt ettt s 78
Figure 4-2 Modified Luer StOPCOCK.......cuoiiiriiiiiriiiiiiieieece e e 81
Figure 4-3 BaRAGRABA 2.0 ..cuiiiiiiiiieeeeee ettt sttt st s 81
Figure 4-4 Calibration calCulation...........cccevuiiieriiiriirienieieeere et 84

vii



List of Tables

Table 2-1 Experiment COAING KEY .......ccoieiiieriiiiiieiieeieeiteete ettt eite e esaesveeaeessaeesaesnneens 26

Table 2-2 BaRA configurations that matched or exceeded the Hotline® for DeltaT (marked in

BLACK) 1ottt et eeaa e e e ta e e e ta e e e aaeeaateeeeabeeetreeeraeeeraeen 28
Table 2-3 Measured flow rates of IV cannulae (ml/min) ..........cccoeeverieniiienieniiienieeieeie e 29
Table 3-1 Project tIMEIINE .......cceevuiiiiieiieciieiiecte ettt ettt e e et eeb e e e ssaeesaesnneens 53
Table 3-2 FInancial Plan...........ccoooiiiiiiiiiiiiiciceieee ettt et e esaesaaeens 54
Table 4-1 Multichannel thermistor COMPONENLS..........cceeruieriiieriieriienieeieeire e esieesaeeseeeeaeens 79
Table 4-2 Multichannel thermistor SOUICEe COAE ........ccuiriiriiriiriiienieeee e 79
Table 4-3 Source code for BARAGRABA 2.0 ..coueoiiiiiiiiiiiieiieeeeeee e 82

viii



Section 1. Author’s Guidelines — South African Journal of

Anaesthesia and Analgesia (SAJAA)

Submission Preparation Checklist

As part of the submission process, authors are required to check off their submission's
compliance with all of the following items and submissions may be returned to authors that

do not adhere to these guidelines.

e This manuscript has currently only been submitted to SAJAA and has not been
published previously.

o This work is original and all third party contributions (images, ideas and results) have
been duly attributed to the originator(s).

e Permission to publish licensed material (tables, figures, graphs) has been obtained and
the letter of approval and proof of payment for royalties have been submitted as
supplementary files.

e The submitting/corresponding author is duly authorised to herewith assign copyright
to the South African Society of Anaesthesiologists (SASA).

e All co-authors have made significant contributions to the manuscript to qualify as co-
authors.

o Ethics committee approval has been obtained for original studies and is clearly stated
in the methodology as well as provided as a supplementary file.

e A conflict of interest statement has been included where appropriate.

e The submission adheres to the instructions to authors in terms of all technical aspects
of the manuscript.

o Plagiarism: The submitting author acknowledges that the Editorial Board reserves the

right to use plagiarism detection software on any submitted material.

Submitted manuscripts that are not in the correct format and without the required
supporting documentation specified in these guidelines will be returned to the author(s)

for correction and will delay publication.



AUTHORSHIP

Named authors must consent to publication by signing a covering letter which should be

submitted as a supplementary file. Authorship should be based on substantial contribution to:

(1) conception, design, analysis and interpretation of data;

(i1) drafting or critical revision for important intellectual content; and

(ii1) approval of the version to be published. These conditions must all be met (uniform

requirements for manuscripts submitted to biomedical journals; refer to www.icmje.org); and

(iv) exact contribution of each author must be stated.

DECLARATION OF CONFLICT OF INTEREST

Authors must declare all sources of support for the research and any association with a
product or subject that may constitute a conflict of interest. If there is no conflict of interest to

declare please include the following statement: The authors declare no conflict of interest.

FUNDING SOURCE

All sources of funding should be declared. Also define the involvement of study sponsors in
the study design, collection, analysis and interpretation of data; the writing of the manuscript;
the decision to submit the manuscript for publication. If the study sponsors had no such

involvement, this should be stated as follows: No funding source to be declared.

RESEARCH ETHICS COMMITTEE APPROVAL

The submitting author must provide written confirmation of Research Ethics Committee
approval for all studies including case reports. The ethics committee as well as the approval

number should be included.

10



STATISTICAL ANALYSIS

Authors are advised to involve medical statisticians at the protocol stage of their research
project: to plan sample size and the selection of appropriate statistical tests for analysis and

presentation.

PROTECTION OF PATIENT'S RIGHTS TO PRIVACY

Identifying information should not be published in written descriptions, photographs and
pedigrees unless the information is essential for scientific purposes and the patient (or parent
or guardian) gives informed written consent for publication. The patient should be shown the

manuscript to be published. Refer to www.icmje.org.

ETHNIC CLASSIFICATION

The rationale for analysis based on racio-ethnic-cultural categorisation should be indicated.

CATEGORIES OF SUBMISSIONS

Shorter items are more likely to be accepted for publication, owing to space constraints and

reader preferences.

Original articles

Original articles on research relevant to anaesthesia and analgesia should not exceed 3 200
words, no more than 30 references, with up to 6 tables or figures. A structured abstract under
the following headings, Background, Methods, Results and Conclusions is a requirement and

should not exceed 300 words.

Clinical Review articles

Review articles relevant to anaesthesia and analgesia should not exceed 2 400 words, with a
maximum of 20 references and no more than 6 tables or figures. A summary of 300 words or

less is required.

11



Case reports

Case reports should not exceed 1 800 words with no more than 10 references. Figures are
limited to 2 figures and may include images or photographs. The case report should have
three headings: Summary (not exceeding 100 words), Case report (with no introduction) and
Discussion. Case reports will be published online only. The summary and the URL will

appear in the printed version.

Scientific Letters

Scientific Letters should not exceed 2 400 words with a maximum of 10 references. Only one
table or illustration is permissible. A structured abstract under the following headings,
Background, Methods, Results and Conclusions, is a requirement and should not exceed 250

words.

Letters to the editor

Letters to the editor should be 800 words or less with only one image or table.

MANUSCRIPT PREPARATION

Refer to articles in recent issues for the presentation of headings and subheadings. If in doubt,
refer to 'uniform requirements' - www.icmje.org. Manuscripts must be provided in UK

English.

Qualification, affiliation and contact details

This information must be provided for ALL authors and must be submitted as a

supplementary file.

Email addresses of all author must be provided.

ORCID number of ALL authors must be provided — if authors do not have ORCID, please

register at https://orcid.org/

12



Abbreviations

All abbreviations should be spelt out when first used and thereafter used consistently, e.g.

'intravenous (IV)' or 'Department of Health (DoH)'".

Scientific measurements

Scientific measurements must be expressed in SI units except blood pressure (mmHg) and
haemoglobin (g/dl). Litres is denoted with a lowercase 'l' e.g. 'ml' for millilitres). Units should
be preceded by a space (except for %), e.g. '40 kg' and 20 cm' but '50%'. Greater/smaller than
signs (> and 40 years of age) should also be preceded by a space e.g. > 20 years. No spaces
should precede + and °, i.e. '35+6' and '19°C".

Numbers should be written as grouped per thousand-units, i.e. 4 000, 22 160...

Quotes should be placed in single quotation marks: i.e. The respondent stated: '...'
Round brackets (parentheses) should be used, as opposed to square brackets, which are

reserved for denoting concentrations or insertions in direct quotes.

General formatting

The manuscript must be in Microsoft Word or RTF document format. Text must be 1,5-
spaced, in 12-point Times New Roman font and contain no unnecessary formatting (such as

text in boxes, except for Tables). The manuscript must be free of track changes.

Disclaimers should follow the Conclusion and it should be in the following order:
Acknowledgements, Declaration conflict of interest, Funding source, Ethics declaration and

ORCID.

ILLUSTRATIONS AND TABLES

If tables or illustrations submitted have been published elsewhere, the author(s) should

provide consent to republication obtained from the copyright holder.

Tables may be embedded in the manuscript file and provided as 'supplementary files'. They
must be numbered in Arabic numerals (1,2,3...) and referred to consecutively in the text (e.g.

13



'"Table 1'). Tables should be constructed carefully and simply for intelligible data
representation. Unnecessarily complicated tables are strongly discouraged. Tables must be
cell-based (i.e. not constructed with text boxes, tabs or enters) and accompanied by a concise
title and column headings. Footnotes must be indicated with consecutive use of the following

symbols: * 1 I § 9 || then ** +7 {1 etc.

Figures must be numbered in Arabic numerals and referred to in the text e.g. '(Figure 1)'.
Figure legends: Figure 1: 'Title...". All illustrations/figures/graphs must be of high
resolution/quality: 300 dpi or more is preferable, but images must not be resized to increase
resolution. Unformatted and uncompressed images must be attached as 'supplementary files'
upon submission (not embedded in the accompanying manuscript). TIFF and PNG formats
are preferable; JPEG and PDF formats are accepted, but authors must be wary of image
compression. [llustrations and graphs prepared in Microsoft PowerPoint or Excel must be

accompanied by the original workbook.
REFERENCES

Authors must verify references from the original sources. Only complete, correctly formatted
reference lists will be accepted. Reference lists may be generated with the use of reference
manager software, but the final document must be delinked from the reference database or
otherwise generated manually. Citations should be inserted in the text as superscript, e.g.
These regulations are endorsed by the World Health Organization,? and others.>*¢ The
superscript reference number should come after the punctuation mark and should not be in

brackets.

All references should be listed at the end of the article in numerical order of appearance in

the Vancouver style (not alphabetical order). Approved abbreviations of journal titles must
be used; see the List of Journals in Index Medicus. Names and initials of all authors should be
given,; if there are more than six authors, the first four names should be given followed by et
al. First and last page, volume and issue numbers should be given. Wherever possible,
references must be accompanied by a digital object identifier (DOI) link and PubMed
ID (PMID)/PubMed Central ID (PMCID). Authors are encouraged to use the DOI lookup
service offered by CrossRef. Crossref DOIs should always be displayed as a full URL link in

the form https://doi.org/10.xxxx/XXXXX



Journal references:

1. Jun BC, Song SW, Park CS, Lee DH. The analysis of maxillary sinus aeration
according to aging process: volume assessment by 3-dimensional reconstruction by
high-resolutional CT scanning. Otolaryngol Head Neck Surg. 2005 Mar;132(3):429-
34.

2. Polgreen PM, Diekema DJ, Vandeberg J, Wiblin RT, et al.Risk factors for groin
wound infection after femoral artery catheterization: a case-control study. Infect
Control Hosp Epidemiol [Internet]. 2006 Jan [cited 2007 Jan 5];27(1):34-7. Available
from: http://www.journals.uchicago.edu/ICHE/journal/issues/v27n1/2004069/2004069

.web.pdf.

Book references: Jeffcoate N. Principles of Gynaecology. 4th ed. London: Butterworth,
1975:96-101. Chapter/section in a book: Weinstein L, Swartz MN. Pathogenic Properties of
Invading Microorganisms. In: Sodeman WA jun, Sodeman WA, eds. Pathologic Physiology:
Mechanisms of Disease. Philadelphia: WB Saunders, 1974:457-472.

Internet references: World Health Organization. The World Health Report 2002 - Reducing
Risks, Promoting Healthy Life. Geneva: World Health Organization, 2002.
http://www.who.int/whr/2002 (accessed 16 January 2010).

Other references (e.g. reports) should follow the same format: Author(s). Title. Publisher
place: publisher name, year; pages. Cited manuscripts that have been accepted but not yet
published can be included as references followed by '(in press)'. Unpublished observations
and personal communications in the text must not appear in the reference list. The full name
of the source person must be provided for personal communications e.g. '...(Prof. Michael

Jones, personal communication)'.

COVERING LETTER

A covering letter to the editor is mandatory and must include statements that the manuscript
has not been published previously and is not under review elsewhere. It should state details of
any prior publication of the research in abstract form or in Congress proceedings. The letter

must declare if any of the authors have a conflict of interest and that the requirements for

15



submission, including ethics approval and patient permission for case reports have been

fulfilled. All authors must sign the covering letter.

REVIEW PROCESS

Manuscripts, after vetting by the editorial team, are assigned for peer-review to 2 reviewers,
conversant with the particular field of research. The reviewers and the authors are blinded to
each other’s identity. The turn-around time for review and initial editorial decision

notification aims to be within 6 weeks of submission.

PROOFS

A PDF proof of an article may be sent to the corresponding author before publication to
resolve remaining queries. At that stage, only typographical changes are permitted; the
corresponding author is required, having conferred with his/her co-authors, to reply within 2
working days in order for the article to be published in the issue for which it has been

scheduled.

CHANGES OF ADDRESS

Please notify the editorial department of any contact detail changes, including email, to

facilitate communication.

CHARGES

There is no charge for the publication of manuscripts.

Copyright Notice

By submitting manuscripts to SAJAA, authors of original articles are assigning copyright to
the SA Society of Anaesthesiologists. Authors may use their own work after publication
without written permission, provided they acknowledge the original source. Individuals and
academic institutions may freely copy and distribute articles published in SAJAA for

educational and research purposes without obtaining permission.

16



The work is licensed under a Creative Commons Attribution-Non-Commercial Works 4.0
South Africa License. The SAJAA does not hold itself responsible for statements made by the

authors.

Privacy Statement

The names and email addresses entered in this journal site will be used exclusively for the
stated purposes of this journal and will not be made available for any other purpose or to any

other party.

17



Section 2. Draft Article
2.1 Cover Letter

Dear Editor

We have included our article entitled “A comparison of the warming capabilities of two
Baragwanath Rewarming Appliances with the Hotline® fluid warming device” for your
consideration for publication in the South African Journal of Anaesthesiology and Analgesia.
Our original piece of research, conducted at Chris Hani Baragwanath Academic Hospital
(CHBAH) in Soweto, South African, describes a novel method of warming intravenous (IV)
fluids that approximates the performance of a commercially available fluid warming device.
This is relevant to the South African perioperative setting where resource limitations often

hamper the provision of adequate standards of care.

All authors consent to the publication of the article in the journal and confirm that it has not
been published neither is it under peer review elsewhere. The article has been submitted to the
University of the Witwatersrand in a research report as part of the requirements for the MMed
degree for K Wilson. The authors declare no conflict of interests. All requirements for
submission have been obtained including, ethical clearance from the Wits HREC and SANBS
as well as permission from the relevant heads of departments of Anaesthesiology at Wits
University and CHBAH as well as from CHBAH Medical Advisory Committee. The
supporting documents accompany this letter. An article supplement has been included which
describes the construction and calibration methods for the data capture device and software

used in this study.

Author contributions are as follows. K Wilson conceived the original experiment idea and

performed the experiments and data capturing and completed the final writeup. M Fourtounas,



primary supervisor and C Anamourlis, secondary supervisor, provided invaluable guidance on

protocol preparation, experiment design, interpretation of results and final document write up.

We look forward to your response

Sincerely
K Wilson Signed: Date:
M Fourtounas Signed: Date:
C Anamourlis Signed: Date:
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A comparison of the warming capabilities of two
Baragwanath Rewarming Appliances with the
Hotline® fluid warming device

K Wilson,! M Fourtounas,' C Anamourlis!

"Department of Anaesthesiology, Faculty of Health Sciences, University of the
Witwatersrand, South Africa

Corresponding Author, email: rehealthconsulting@gmail.com

Background: Accidental intraoperative hypothermia is a common and avoidable adverse
event of the perioperative period and is associated with detrimental effects on multiple organ
systems and postoperative patient outcomes. In a resource limited environment the prevention
of intraoperative hypothermia is often challenging. Resourceful clinicians overcome these
challenges through creative devices and frugal innovations. This study aims to investigate the
thermal performance of two such Baragwanath Rewarming Appliances (BaRA) against that of

the Hotline® in an attempt to describe an optimal setup of these devices.

Methods: This was a quasi-experimental laboratory study that measured the thermal
performance of two BaRA devices and the Hotline® under a number of scenarios.
Independent variables fluid type, flow rate, warming temperature and warming transit
distance were sequentially altered and temperatures measured along the stream of fluid.
DeltaT was calculated as the difference between entry and exit temperature for each

combination of variables for each warming device.

Results : A total of 219 experiments were performed. The BaRA A configuration at a
temperature of 43°C with a transit distance of 200 cm either matched or exceeded the DeltaT
of the Hotline® over all fluid type and flow rate combinations. The BaRA B configuration
does not provide comparable thermal performance to the Hotline®. Measured flow rates were

noticeably slower than manufacturer quoted values for all intravenous (IV) cannulae used.

Conclusion: A warm water bath at 43°C with 200 cm of submerged IV tubing provides
thermal performance comparable to the Hotline, with all fluid type and flow rate

combinations.

Keywords: perioperative hypothermia, frugal innovation, warming devices
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2.2 Introduction

Accidental intraoperative hypothermia, defined as a core temperature below 36°C, is a
common and avoidable adverse event of the perioperative period and is associated with
detrimental effects on multiple organ systems and postoperative patient outcomes. !
Anaesthesia increases the risk of hypothermia by inhibiting the normal homeostatic responses
that maintain the body’s core temperature. The mechanisms involved in perioperative
hypothermia include inhibition of the central and peripheral thermoregulatory responses by
the anaesthetic agents used, an increased loss of heat to the environment through patient
exposure, administration of cold fluids internally and altered behavioural responses to the
cold.! 2 Heat loss from the body occurs via five main routes, namely radiation, convection,
evaporation, conduction and respiration with loss from radiation accounting for the majority

of heat lost. 3

Anaesthesia is not the only identified risk factor for accidental intraoperative hypothermia. Yi
et al.* conducted a cross sectional study of over 3 000 patients undergoing general anaesthesia
in China and found that major surgery, longer duration of surgery (> two hours), un-warmed
intravenous (IV) fluids in excess of 1 000 ml and open surgery, were associated with a greater
risk of developing perioperative hypothermia. Active warming techniques, higher ambient
temperatures and increased patient baseline core temperatures were protective against

perioperative hypothermia.*

Hypothermia increases the length of stay in the postanaesthetic care unit as well as in hospital
and prolongs the recovery from surgery.> ¢ This is associated with an increase in healthcare
costs.! In addition, perioperative hypothermia is associated with increased surgical site
infections, altered coagulation and altered drug metabolism.> 7 Shivering is an unpleasant
experience and negatively contributes to a patient’s perioperative experience.? The most
serious adverse effects of perioperative hypothermia are related to cardiac complications.
Dubick et al.'® propose that hypothermia predisposes the heart to ischaemia as well as reduces
the threshold of the myocardium for arrythmias. Frank ez al.!! found that by maintaining
normothermia there was a reduction in morbid cardiac events perioperatively, which included

unstable angina, cardiac arrest, or myocardial ischaemia.

When considering the prevention and management of perioperative hypothermia,
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interventions can either be those that minimise heat loss or those that provide active
warming.? Efforts to minimise heat loss include covering the exposed patient, controlling the
environmental temperature and using a heat moisture exchange filter on breathing circuits.
Measures that provide active warming can either be provided internally or externally.!?
Internal warming is achieved by providing warmed fluid into either a body cavity or
intravenously. Examples of devices that warm the body externally are forced air warmers

(BM™ Bair Hugger™), radiant warmers and electric warming blankets.

Various different methods have been described to prewarm IV fluids before administration.
These include methods such as storing the fluid in a fluid warming cabinet,! prewarming the
fluids in a warm water bath! or heating the fluid in a microwave'* before administration.
These methods have been shown to be superior at maintaining core temperature compared to
administering room temperature fluid and comparable to the performance of commercially
available inline fluid warming devices.! A disadvantage of prewarming fluids is heat loss to
the environment as the fluid is delivered to the patient. The slower the flow rate the greater
this effect especially when administering smaller volumes of fluid. Another concern is
possible thermal damage to the contents of the fluid if temperatures are too high and the

release of toxic substances from the IV fluid bags.! !4

Commercially available devices that actively heat fluid inline while being administered to the

patient all rely on a transfer of heat from a heat source to the fluid. The equation

@/t — kAAT/d

also known as the thermal conductivity equation, describes the transfer of energy in watts
(Q/t) from one object to another as being proportional to the surface area available for heat
transfer (A), the temperature difference (AT) between the two objects, the thermal
conductivity constant (k) specific to the material and the inverse of the distance between the

two objects (d).'

The effect of these variables on various fluid warming devices has been demonstrated by
multiple authors.!* ! Thongsukh et al.'¢ found an inverse relationship between fluid flow rate
and thermal performance of a fluid warmer. Schultz et al.'* have described the warming
capabilities of different warming methods. A key finding of their study was that a fluid

warmer using a temperature controlled coaxial method heated IV fluids more rapidly than
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methods that rely on prewarming fluids by placing them in warm water baths or warmed
blankets. !

Resource-limited settings challenge the delivery of acceptable levels of care with low-and-
middle-income countries (LMICs) being the most affected. The resource constraints and
environmental limitations of battle zones and austere environments require their devices to be
rugged, easy to use, easy to transport, light weight and have minimal power requirements.'° In
these settings, perioperative temperature management often requires creativity on behalf of
the healthcare providers for normothermia to be maintained. In response to these constraints a
number of creative solutions have been constructed to warm fluids. There are many anecdotal
stories of blood products being warmed in warm blankets, buckets of warm water or even in
groins and axillae before being administered to patients. Recommendations have been
published on the optimal use of these creative solutions. Lindhoff and Palmer ' describe the
optimal use of a microwave for prewarming IV fluids.!* Shah et al.!” describe a novel fluid
warming device using a non-sterile latex glove filled with warmed water to heat a coil of IV
fluid being administered to the patient. Craig and colleagues ' describe a method of

prewarming IV fluids using a warm air blower and a modified cooler box.

In 2015 the member states of the United Nations agreed on the Sustainable Development
Goals, one of which is Universal Health Coverage by 2030. Part of this coverage includes
access to safe, affordable surgical and anaesthetic care. LMICs tend to have the worst access
to this level of care.'® In line with these goals, the Lancet Commission on Global Surgery has
identified perioperative care as an area of focus highlighting the necessity to reduce costs,
optimise healthcare system and resource usage and improve the delivery of both anaesthetic
and surgical care and training.!® The commission recognises the importance of novel
technologies as being key in realising this goal. It is common practice at Chris Hani
Baragwanath Academic Hospital (CHBAH) to warm IV fluid by passing the IV tubing
through a warm water bath as it flows to the patient. This sort of Baragwanath Rewarming
Appliance (BaRA) is an example of a novel technology that addresses this need to provide

acceptable anaesthetic care in a resource limited setting.

The concept of frugal innovation has recently emerged and describes innovation that is novel,
id tisfact luti d takes place i i t.19-20
provides a satisfactory solution and takes place in a resource scarce environment.

Weyrauch and Herstatt 2° describe the three criteria for frugal innovation as a significant cost
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reduction, concentration on core functionalities and optimised performance level. The BaRA
devices are examples of frugal innovation. They are novel IV warming solutions that have
emerged due to scarcity of a commercially available alternative. Compared to the Hotline®
Blood and Fluid Warmer (Smiths Medical) retailing for approximately R15 000 for the
warming unit and R500 for the consumables, these configurations are a fraction of the price.
The consumables for a BaRA device will cost approximately R5.75 per 100 cm segment of
extension tubing. Both BaRA devices focus on a core functionality of warming fluid without
any emphasis on aesthetics, ergonomics or electronic enhancements such as temperature

selection. An assessment of the performance of these devices is however, lacking.

The two BaRA configurations used in this study are shown in Figure 1. BaRA A consists of a
warm water bath with a variable amount of IV extension tubing submerged in it. BaRA B
consists of a variable amount of IV extension tubing wrapped around the tubing of a forced
air warmer, Bair Hugger™.

BaRA A

Warm Water Bath |

~[Fatent]

IV Fluids

Forced Air Warmer Tubing

- [Fatent

IV Fluids

Figure 1 BaRA device configurations

The aim of this study was to describe and compare the warming capabilities of two BaRA
devices and the Hotline® device and to describe an optimal assembly of these devices that

approximates the warming capabilities of the Hotline®.
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2.3 Methods

Ethical clearance from the University of the Witwatersrand Human Research Ethics
Committee (Medical) (M2008107), as well as permission to use human blood products
granted from the South African National Blood Services (2019/0520) were obtained prior to
commencing the study A quasi-experimental, quantitative research design was employed for
this study.. The study was conducted in an unused, fully operational surgical theatre at
CHBAH using standardised 20 drops/min IV and 10 drop/min blood administration sets and
IV cannulae. Dextrose water was included in the study as an electrolyte free control fluid.
Ambient air temperature and fluid temperatures were continuously monitored for fluctuations
during the experiments. Under experimental conditions, independent variables relating to the
Hotline®, BaRA A and BaRA B were sequentially altered in order to assess the effect on

temperature at points T1 and T3, the dependent variables. Figure 2 illustrates the experiment

Flow Rate

Warming Device

IV Fluids
Independent Variable Holtine® Independent Variables Baragwanath Rewarming Appliance (BaRA) -
Independent Variables
BaRAA BaRA B
IV Fluids « Dextrose Water — Room Temperature
» Packed red blood cells—- Refrigerated
+ Ringers Lactate - Room Temperature
* Voluven - Room Temperature
Flow Rate + 22G Cannula - 36mL/min
* 20G Cannula — 60mL/min
+ 18G Cannula — 100mL/min
Warming Device * Manufacturer Determined « 38°C + 38°C
Temperature + 43°C * 43°C
Warming Transit * Manufacturer Determined + 100cm + 100cm
Distance * 200cm + 200cm

Figure 2 Experiment schematic
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setup, the independent variables related to each warming device and the location of the

temperature measurement points.

Fluid flow rates were determined via a gravity delivery method through 3 different sized IV
cannula, 18G, 20G and 22G. This was done in order to mimic a clinical scenario. IV fluids
were kept at a standard 1 m height above the warming device to control driving pressure and
the IV cannula changed to modify resistance to flow. Actual fluid flow rates were measured

for each combination of independent variables through each IV cannula,

The independent variables for each BaRA configuration were assigned a code which
described the warming device configuration e.g. Ba.43.200. Table 1 outlines this coding
system. Twelve combinations of independent variables for the Hotline® and 48 combinations

for each BaRA configuration were tested totalling 108 experiment combinations.

Table 1 Experiment coding key

Code Interpretation

Ba BaRA A configuration

Bb BaRA B configuration

38 38°C - Warming device temperature
43 43°C - Warming device temperature
100 100 cm — transit distance

200 200 cm — transit distance

Temperature was recorded at six points and stored by a multichannel thermistor and data
capture software (BaRAGRABA 2.0), both specifically designed for this experiment. Full
details on device and software construction and calibration are available in Appendix F. In-
stream temperatures were recorded at T1 and T3. T2 was monitored in order to maintain
warming device temperature for BaRA A experiments. This was achieved by the addition of
warm water to the bath to maintain the target temperature. Hotline® and BaRA B

temperatures were determined by the individual devices. Ambient temperature and inline fluid
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temperature at two distal points were also recorded and monitored in order to control

experiment conditions.

Temperature measurements were recorded automatically at 500 ms intervals for a period
equal to the transit period plus five seconds. The transit period was calculated as the time
taken for a bubble indicator to travel from T1 to T3. These temperature measurements were
automatically measured and saved digitally. The warming capabilities of the device, DeltaT,
was determined as the difference between the mean exit temperature at T3 and the mean entry

temperature at T1.

Data analysis was carried out using SAS v9.4 for Windows. A 5% significance level was used.
Each dependent variable, for each warming device, was modelled in terms of the relevant
independent variables and their two-way interactions using a General Linear Model (GLM).
Outliers were removed as indicated by model diagnostics. Non-significant interaction terms
were removed for model parsimony. Comparison of each dependent variable at a given
combination of fluid type and flow rate for the Hotline® to that of the eight corresponding BaRA
A and BaRA B device conditions was done using a one-way ANOVA. Post-hoc tests were
conducted using the Tukey-Kramer adjustment for unequal group sizes to determine which

BaRA A and BaRA B combinations did not differ significantly from the Hotline®.

2.4 Results

Experiments were conducted twice at each combination of independent variables, giving a
total of 216 experiments. Data for nine experiments were missing due to file errors. Figure 3
shows the estimated mean DeltaT of the warming devices at each combination of independent

variable. The whiskers indicate the 95% confidence interval.

Table 2 shows the BaRA combinations, marked in black, where DeltaT matched or exceeded

the Hotline®
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Figure 3 Estimated mean DeltaT for each warming device

Table 2 BaRA configurations that matched or exceeded the Hotline® for DeltaT (marked in black)

Dextrose Water Packed Red Blood Cells Ringers Lactate Voluven®

IV Cannula Size (G) 22

Ba.38.100

Ba.38.200

Ba.43.100

Ba.43.200

Bb.38.100

Bb.38.200

Bb.43.100

Bb.43.200

20 18

22

20 18 22 20 18 22 20 18

28



Ba.43.200 was the only configuration that provided a similar DeltaT to the Hotline® under all
fluid and flow rate combinations. Other BaRA A configurations provided comparable DeltaT
values but only under specific fluid and flow rate combinations. When packed red blood cells

(PRBC) were utilised all configurations of BaRA A had a similar DeltaT to the Hotline®.

The BaRA B devices only approximated the DeltaT of the Hotline® in the Bb.43.200
configuration and only when PRBC were used. No other combination of variables of this

device approximated the Hotline® DeltaT.

Table 3 shows the measured flow rates for each fluid through each warming device. Of note,
there is a large difference between the manufacturer stated flow rates and the measured flow
rates for each cannula. Flow rates between fluids also varied, substantially in the case of

PRBC. PRBC and Voluven® had the lowest flow rates of all fluids through all devices and at

all flow rates. PRBC had notably lower flow rates through the Hotline® at all flow rates.

Table 3 Measured flow rates of IV cannulae (ml/min)

IV Cannula 22 20 18

Size (G)
Device* Hotline® BaRA A BaRAB Hotline® BaRA A BaRAB Hotline® BaRAA BaRAB
Dextrose 18 19,5 19,5 24 26,25 24 33 36 33
Water
Packed 3 6 6 3,99 15 15 4,5 16,5 16,5
Blood Red
Cells
Ringers 24 18 15 34,5 21 21 43,5 27 24
Lactate
Voluven® 11,1 7.5 6 1425 9 11,25 16,5 16,5 15

* BaRA devices had the same measured flow rates for both 100 and 200 cm transit distances.
2.5 Discussion

The aim of this study was to describe and compare the warming capabilities of two BaRA
devices and the Hotline® in an attempt to describe a configuration of the BaRA device that
would best approximate the warming capabilities of the Hotline®. Table 2 illustrates that if we

want a one-combination-fits-all match for the thermal performance of the Hotline®, it would
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be Ba.43.200. This is the BaRA A configuration with a warming temperature of 43°C and a
transit distance of 200 cm. There are a number of isolated conditions for the BaRA A
configuration that approximates the Hotline® but only under specific fluid and flow rate
combinations. The BaRA B configuration , under most fluid type and flow rate combinations,
does not provide a comparable amount of heating compared to the Hotline®. Only under the

specific condition, Bb.43.200 with PRBC, is the performance similar.

The transfer of heat energy from the warming device to the fluid is proportional to the surface
area available for heat transfer. The entire surface area of the extension tubing is included in
heat transfer in both the Hotline® and BaRA A devices as it is either enveloped or submerged
by the warming device. This superior warming effect by a coaxial system has been previously
describe in a study by Shultz et al.!* The BaRA B device has only a fraction of the tubing
surface area in contact with the warming device as it is coiled on the outer surface of the Bair

Hugger™ warmer conduit.

Fluid transit time is a function of the fluid flow rate and transit distance. Longer transit times
allow for greater heating of the fluid. Thongsukh et al.'® have previously shown the inverse
relationship between flow rate and warming device performance. Interestingly the measured
flows were only approximately 5 — 55% of manufacturer quoted flows. Measured fluid flow
rates were much higher with less viscous fluids, dextrose water and Ringers Lactate, and
decreased as viscosity increased, PRBC and Voluven®. The significance of this is that more
viscous fluids had longer transit times and resultant increased heating. This may explain why
PRBC were better heated compared to the other fluids under both BaRA A and B
configurations. It is notable that the PRBC flowed slower through the Hotline® than the other
two devices. Thermistors were mounted within the flow of fluids and may have also affected
flow rates. These factors are important considerations when interpreting the results of this

study. At higher flow rates, the conclusion of this study may no longer be valid.

In clinical practice, cooling of the fluid will occur as soon as the fluid leaves the warming
device, which depends on the same factors as those that affect heat gain. BaRA A and BaRA
B would require a significant length of IV tubing outside the warming device in order to
connect the patient to the warmed fluids. It is possible with the Hotline® to connect the

warmed fluids directly to the patient reducing heat loss significantly.
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There were a number of technical challenges with the conduct of the study. Firstly, the study
was quasi-experimental as no randomisation was performed. This potentially allows repeat
error to bias a particular experiment condition. The reason for this design was to make
efficient use of resources, time and PRBC being the most important. Secondly, it was not
anticipated that the electrolyte solutions would alter the readings of the thermistors. This was
indeed the case and the thermistor leads required insulation and recalibration. Dextrose water
was included in the study as a control for the effects of the electrolytes on the thermistors.

After insulation there were comparable readings at all temperature points with all fluids.

The use of an analogue electronic system, such as the multichannel thermistor, poses a
number of challenges. As the system increases in complexity, and more thermistors are added,
electrical interference within the system increases and calibration becomes more difficult and
less reliable. The effect of this may only be on measuring absolute temperatures which are
indirectly calculated through the Steinhart-Hart equation. The relative changes between
temperatures, such as the DeltaT, should not be affected as the relationship between
temperature and resistance remains fixed within the system. Should the study be repeated
digital temperature monitoring would be an ideal upgrade. Finally, the BARAGRABA 2.0
corrupted 9 out of the 216 data sets. Despite this loss there were a large number of data points

available for statistical comparison.

The use of the BaRA A and B configuration is not unique to CHBAH. The use of these
configurations are described in many other resource limited settings as clinicians attempt to
provide the best care to the patients. This illustrates the power of frugal innovation in

addressing a far reaching clinical problem.

2.6 Conclusion

Despite the challenges, the findings of the study provide valuable insight into the use of the
BaRA devices as alternatives to the Hotline®. To the knowledge of the authors this is the first
study that compares the warming capabilities of the Hotline® with the BaRA devices.
Resource limited settings challenge the provision of adequate levels of perioperative care.
Perioperative hypothermia is a preventable complication during anaesthesia with the
provision of adequately warmed IV fluids forming a major part of this prevention. We

describe a method of constructing a fluid warming device out of commonly available theatre

31



consumables, the BaRA A, that approximates the warming capabilities of the Hotline®. This
configuration should provide warming of dextrose water, Ringers Lactate, packed red blood
cells and Voluven® through IV cannula of sizes 22G, 20G and 18G that is comparable to the
Hotline®. The challenges outlined in the study may assist in the future design of a similar

study. The results will guide replication of the BaRA devices for effective clinical use.
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Section 3. Proposal

3.1 Extended Literature Review

Accidental intraoperative hypothermia, defined as a core temperature below 36°C, is a
common and avoidable adverse event of the perioperative period and is associated with
detrimental effects on multiple organ systems and postoperative patient outcomes'.
Anaesthesia increases the risk of hypothermia by inhibiting the normal homeostatic responses
that maintain the body’s core temperature. The mechanisms involved in perioperative
hypothermia include inhibition of the central and peripheral thermoregulatory responses by
the anaesthetic agents used, an increased loss of heat to the environment through patient
exposure, administration of cold fluids internally and altered behavioural responses to the
cold" 2. Heat loss from the body occurs via five main routes, namely radiation, convection,
evaporation, conduction and respiration with loss from radiation accounting for the majority

of heat lost>.

Anaesthesia is not the only identified risk factor for accidental intraoperative hypothermia. Yi
et al.* conducted a cross sectional study of over 3 000 patients undergoing general anaesthesia
in China and found that major surgery, longer duration of surgery (> two hours), un-warmed
intravenous (IV) fluids in excess of 1 000 ml and open surgery were associated with a greater
risk of developing perioperative hypothermia. Active warming techniques, higher ambient
temperatures and increased patient baseline core temperatures were protective against

perioperative hypothermia.

Hypothermia increases the length of stay in the post-anaesthetic care unit as well as in
hospital and prolongs the recovery from surgery™ . This is associated with an increase in
healthcare costs'. In addition, perioperative hypothermia is associated with increased surgical
site infections, altered coagulation and altered drug metabolism™ . Shivering is an
unpleasant experience and negatively contributes to a patient’s perioperative experience®. The
most serious adverse effects of perioperative hypothermia are related to cardiac

complications. Dubick et al.'°

propose that hypothermia predisposes the heart to ischaemia as
well as reduces the threshold of the myocardium for arrythmias. Frank et al.!! found that by
maintaining normothermia there was a reduction in morbid cardiac events perioperatively

which include unstable angina, cardiac arrest, or myocardial ischaemia.



Considering these consequences as well as the incidence of hypothermia, which ranges from
20 —44.3% %°©, it is not surprising that the maintenance of normothermia is a specific
perioperative goal. The importance of this is reflected in a number of international guidelines
outlining the minimum level of care regarding perioperative hypothermia. The overarching

aims of these guidelines are to guide best practice and ensure patient safety.

The South African Society of Anaesthesiologists (SASA), in their 2018 practice guidelines 2,
have acknowledged the importance of perioperative temperature management with specific
mention being made to the need to monitor patient temperature for procedures planned to take
longer than 30 minutes, as well as active measures required to maintain a core temperature of
between 36 and 37°C. A thermometer and a blood or fluid warmer are listed as essential items
of equipment that should be available at all hospital levels, failing which the provision of an

anaesthetic becomes unsafe!2.

The National Institute of Clinical Excellence (NICE) '* published guidelines in 2008 on the
prevention and management of hypothermia in adults undergoing surgery. The guidelines
describe strategies during the preoperative, intraoperative and postoperative periods for the
identification, prevention and management of hypothermia. A key aspect of the intraoperative
strategies is the use of a forced air warmer as well as warming all IV fluids to 37 °C and all

irrigation fluids to between 38 — 40 °C before administering to the patient'?.

The Safetots Initiative '* addresses the provision of safe anaesthesia to children and has
developed the 10-N principle as a set of clinical goals to achieve during paediatric
anaesthesia. Normothermia is listed (along with normal heart rate, blood pressure and
normoxaemia) as one of the goals. The paediatric population is especially sensitive to changes

in body temperature and the deleterious effects of hypothermia!®,

In 2018 the World Health Organization (WHO) and World Federation of Societies of
Anaesthesiologists (WFSA) published recommendations for the international standards for
the safe practice of anaesthesia'®. In the recommendations, both intermittent temperature
monitoring and the availability of a device for warming I'V fluids and blood are recommended
standards during perioperative care. A recommended standard, in this case, is one that should
be practiced when resources allow and if appropriate for the clinical scenario, while a highly

recommended standard is the minimum expected standard for the provision of a safe
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anaesthetic!®. Temperature monitoring and management devices do not feature on the highly
recommended list of standards. This is in contrast to the SASA and NICE guidelines which
place a greater emphasis on the importance of temperature management. The reason for this
contrast is possibly an attempt to cater for the varied level of resources available on a global

level.

When considering the prevention and management of perioperative hypothermia,
interventions can either be those that minimise heat loss or those that provide active
warming?. Efforts to minimise heat loss include covering the exposed patient, controlling the
environmental temperature and using a heat moisture exchange filter on breathing circuits.
Measures that provide active warming can either be provided internally or externally!®.
Internal warming is achieved by providing warmed fluid into either a body cavity or
intravenously. Examples of devices that warm the body externally are forced air warmers,

radiant warmers and electric warming blankets.

It is commonly quoted that infusing one litre of room temperature (21 °C) fluid into an adult
will reduce the core body temperature by 0.25°C!7- 18, Sixteen kilocalories of energy are
needed to warm this litre from room temperature to a core body temperature of 37°C'°.
Shivering is the principle mechanism by which the body generates this energy. By preheating
the fluid to core body temperature the requirement to generate this extra energy no longer falls
on the body’s metabolism. The narrower the temperature gradient between the body and the
infused fluids, the less the additional energy requirements to heat the fluid and conversely the

smaller the change in body temperature?’.

Various methods have been described to prewarm fluids before administration. These include
methods such as storing the fluid in a fluid warming cabinet!, prewarming the fluids in a
warm water bath?® or heating the fluid in a microwave?! before administration. These methods
have been shown to be superior at maintaining core temperature compared to administering
room temperature fluid and comparable to the performance of commercially available inline
fluid warming devices'. A disadvantage of prewarming fluids is heat loss to the environment
as the fluid is delivered to the patient. The slower the flow rate the greater this effect
especially when administering smaller volumes of fluid. Another concern is possible thermal
damage to the contents of the fluid if temperatures are too high and the release of toxic
substances from the IV fluid bags '-2!.
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Commercially available devices that actively heat fluid inline while being administered to the
patient all rely on a transfer of heat from a heat source to the fluid as it flows past the heat

source. The equation

@/t — kAAT/d

also known as the thermal conductivity equation, describes the transfer of energy in watts
(Q/t) from one object to another as being proportional to the surface area available for heat
transfer (A), the temperature difference (AT) between the two objects, the thermal
conductivity constant (k) specific to the material and the inverse of the distance between the
two objects (d)*2. As an example, the commercially available Hotline® Blood and Fluid
Warmer (Smiths Medical) uses a coaxial system to maintain a temperature difference between

the warmer and the IV fluid while providing a large surface area for heat transfer.

The effect of these variables on various fluid warming devices has been demonstrated by
multiple authors. Thongsukh et al.'®, found an inverse relationship between fluid flow rate
and thermal performance of a fluid warmer. Schultz et al.?° have described the warming
capabilities of different warming methods. A key finding of their study was that a fluid
warmer using a temperature controlled coaxial method heated IV fluids more rapidly than
methods that rely on prewarming fluids by placing them in warm water baths or warmed

blankets2°.

Resource-limited settings challenge the delivery of acceptable levels of care with low-and-
middle-income-countries (LMICs) being the most affected. Battle zones and austere
environments are also subject to resource constraints and require their devices to be rugged,
easy to use, easy to transport, light weight and with minimal power requirements!'?.
Perioperative temperature management often requires creativity on behalf of the healthcare
providers for normothermia to be maintained. In response to these constraints a number of
creative solutions have been constructed to warm fluids. There are many anecdotal stories of
blood products being warmed in warm blankets, buckets of warm water or even in groins and
axillae before being administered to patients. Recommendations have been published on the
optimal use of these creative solutions. Lindhoff and Palmer 2! describe the optimal use of a
microwave for prewarming IV fluids?!. Shah et al.?* describe a novel fluid warming device

using a non-sterile latex glove filled with warmed water to heat a coil of IV fluid being
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administered to the patient. Craig and colleagues '® describe a method of prewarming IV

fluids using a warm air blower and a modified cooler box.

In 2015 the member states of the United Nations agreed on the Sustainable Development
Goals, one of which is Universal Health Coverage by 2030. Part of this universal coverage is
access to safe, affordable surgical and anaesthetic care. LMICs tend to have the worst access
to this level of care?*. In line with these goals, the Lancet Commission on Global Surgery has
identified perioperative care as an area of focus highlighting the necessity to reduce costs,
optimise healthcare systems and resource usage and improve the delivery of both anaesthetic
and surgical care and training. The commission recognises the importance of novel
technologies as being key in realising this goal. It is common practice at Chris Hani
Baragwanath Academic Hospital (CHBAH) to warm IV fluid by passing the IV tubing
through a warm water bath as it flows to the patient. This sort of Baragwanath Rewarming
Appliance (BaRA) is an example of a novel device that, through the process of frugal
innovation, addresses this need to provide acceptable anaesthetic care in a resource limited

setting.

The concept of frugal innovation has recently emerged and describes innovation that is novel,
provides a satisfactory solution and takes place in a resource scarce environment®>2%, In a
review on the patterns of frugal innovation in healthcare published in 2018, Arshad et al. %’
noted that the majority of these innovations originated in industrialised countries with target
markets in Africa and Asia. Most developers were either multinational corporations or grass
root entrepreneurs creating products for general practice, neonatology and orthopaedics. The
current COVID-19 pandemic has provided an environment favouring frugal innovation with a
number of solutions targeting respiratory hygiene and support being developed. The
Bousssignac CPAP ventilator, a cheap, easy to set up and non-electric ventilator is an
example of such a development. The frugal approach may allow the provision of better levels
of care to critically ill patients in resource limited settings with some authors calling for
further research into frugal developments in the area of critical care?®. While makeshift
solutions are no replacement for gold standards, they do bridge the economic gap between

scarcity and abundance.
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3.2 Problem Statement

Intraoperative hypothermia is a well described phenomenon associated with various
complications. The prevention and treatment both rely on preventing heat loss and actively
warming the patient. Providing warmed IV fluids is one method of achieving

this. Commercially available fluid warming devices are often not available in resource scarce
medical facilities and patients are exposed to fluids that have been inappropriately warmed.
Overwarming has the potential to damage the IV fluid as well as packaging, while under
warming exposes the patient to the risks of hypothermia. Due to scarcity, CHBAH
perioperative healthcare providers often have to rely on make shift IV warming devices.
There are no standards set for these devices and thermal performance is presumably
haphazard. No studies were found that compare the performance of the BaRA configuration

with a commercially available device.
3.3 Aim

The aim of this study is to describe and compare the warming capabilities of two BaRA
devices and the Hotline® device and to describe an optimal assembly of these devices that

approximates the warming capabilities of the Hotline®.
3.4 Objectives

The primary objectives of this study are to :

e determine the warming capabilities of the Hotline® by manipulating the following
independent variables
e fluid type
e fluid flow rate
e determine the warming capabilities of two BaRA devices by manipulating the following
independent variables
e fluid type
e fluid flow rate
e warming device temperature

e warming transit distance
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e compare the warming capabilities of the Hotline® with those of the BaRA devices
The secondary objective of the study is to:

e describe an assembly of the BaRA devices that best approximates the warming capabilities

of the Hotline®
3.5 Research assumptions

BaRA configurations — Fluid warming devices constructed from items easily available in the

operating theatres at CHBAH.

BaRA A — A BaRA configuration using a variable length of IV tubing immersed in a warm

water bath as the warming device (Figure. 3-1).

BaRA B — A BaRA configuration using a length of IV tubing coiled around the hose of a

forced air warmer as the warming device (Figure. 3-1).

BaRA A
| Warm Water Bath |

IV Fluids

Forced Air Warmer Tubing

~[Favent]

IV Fluids

Figure 3-1 BaRA device configurations

Independent variables — Variables that will be systematically altered to determine their
effects on the dependent variable, temperature. For this study there are two groups of

independent variables, namely clinical scenario variables and BaRA variables.
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Clinical scenario — A combination of fluid type and flow rate that simulates commonly

encountered fluid administration scenarios in the operating theatre environment.

Clinical scenario variables — variables that will be sequentially adjusted in order to recreate a
group of nine commonly encountered fluid administration scenarios. These include fluid type,

temperature and flow rate (Figure.3-2).

Fluid type — one of two variables used to simulate the clinical scenarios mentioned above. The
fluid types are selected from either of three commonly used IV fluids, namely Ringers Lactate,

Voluven® and packed red blood cells (PRBC).
Ringers Lactate — a balanced crystalloid fluid
Voluven® - a colloid in normal saline solution manufactured by Fresenius-Kabi

Packed Red Blood Cells (PRBC)- packed red blood cells processed by the South African
National Blood Service (SANBS).

Flow rate — The second of the clinical scenario variables is the flow rate of the fluid through
the IV cannula controlled by either of three IV cannulae commonly found in theatre (22G,
20G and 18G). These provide manufacturer quoted flow rates of 35, 60 and 100ml/min

respectively.

Fluid temperature — Ringers Lactate and Voluven® are both normally stored at room

temperature (21 °C), while PRBC are stored refrigerated at a temperature of 4 °C.

BaRA variables - variables that will be sequentially adjusted to test the performance of each

BaRA device and include warming distance and warming device temperature (Figure.3-2).

Warming distance — The length of IV tubing exposed to the warming medium. Two lengths

of commonly available extension tubing will be used; 100 and 200 cm.

Warming device temperature — The warming device temperatures will be controlled to

either 37 or 43 °C.

Dependent variables - temperatures measured at points T3, T4, TS (Figure.3-2)
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Warming Transit Distance
L

- — - Flow Rate
T4 T5

IV Fluids Warming Device

Clinical Scenario Variables Baragwanath Rewarming Appliance (BaRA)
Variables
IV Fluids Flow Rate Warming Device Warming Transit
Temperature Distance
37°C

Variable + Ringers Lactate - + 22G Cannula — Variable + 100cm
Room Temperature 36mL/min - 43°C = 200cm
+ Voluven - Room * 20G Cannula —
Temperature 60mL/min
+ Red Cell Concentrate + 18G Cannula —
- Refrigerated 100L/min

Figure 3-2 Experiment schematic

Temperature points (Figure 2)
T1 — The fluid temperature measured within 10cm of entering the warming device.
T2 — The warming device temperature.
T3 — The fluid temperature measured within 10cm of exiting the warming device.
T4 — The fluid temperature measured at 100 cm after exiting the warming device.
T5 — The fluid temperature measured at 200 cm after exiting the warming device.
T6 — Ambient room temperature.

Multichannel thermistor — This multichannel digital thermometer consists of five 10K ohm
glass bead thermistors (DHT0B103J3953SY Communica Electronics) mounted in three way
stop-cocks which allows the in-stream measurement of fluid temperature. The device was
specifically constructed for this experiment and is used in conjunction with the BARAGRABA

2.0 application.

Steinhart-Hart Equation — The relationship between temperature and resistance measured in
a thermistor is not linear. Steinhart and Hart*® formulated an equation that best describes this
relationship which is used to convert a measured resistance to a corresponding temperature.

The equationis 7' = 4 + B log R + C (log R)* and contains the variables temperature in
45



Kelvin (T), resistance (R) and three coefficients A, B and C. The coefficients can be used to

calibrate the thermistor.
3.6 Demarcation of the study field

The study will be conducted in an unused, fully operational surgical theatre at CHBAH. It is a
central hospital consisting of 2888 beds, 25 main theatres and conducts approximately 65 000
surgical cases annually. The Department of Anaesthesiology at CHBAH is affiliated to
University of the Witwatersrand (Wits).

3.7 [Ethical considerations

No human subject will participate in the study. Human tissue will be used, in the form of
PRBC and an application for ethical clearance will be submitted to the Wits Human Research
Ethics Committee (Medical). Coordination will take place between the principal investigator
and the CHBAH theatre management in order to prevent the study from interfering with the

provision of normal surgical services at the hospital.

Preapproval from SANBS has been granted for the use of blood products (Appendix A). A
formal application will be submitted online to the SANBS once approval of the study is
granted by the Postgraduate Research Committee. Approval to complete the study will be
obtained from both the heads of the Departments of Anaesthesiology at Wits and CHBAH as
well as the Medical Advisory Committee and CEO of CHBAH (Appendix B).

The study will be conducted according to the principles of the Declaration of Helsinki** and

the South African Guidelines for Good Clinical Practice’!.

3.8 Research methodology
3.8.1 Research design

According to Last 3 an experimental study is one in which “study conditions are under the
direct control of the investigator”. An important distinction is made between the randomised
experiment and a quasi-experiment. The critical difference is the process of random

assignment to control or intervention groups in a randomised experiment and the lack of this
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process in a quasi-experiment®>. Quantitative research focuses on the collection of objective

data and the analysis of this data using statistical and mathematical methods®*.

This research design is a quasi-experimental, quantitative study. Under experimental
conditions, the independent variables will be sequentially altered in order to assess the effect
on temperature, the dependent variable. There will be no randomisation to experiment groups.

Statistical analysis will be performed on the temperatures measured.

As outlined in the aims and objectives of the study, the thermal performance of the BaRA
devices will be compared to the those of the Hotline® in an attempt to describe a BaRA

configuration that best approximates the performance of the Hotline®.
These objectives will be achieved as follows.

Firstly, the warming performance of the Hotline® will be tested. Nine clinical scenarios will
be simulated and temperature measured at points T1 - T5 (Figure. 2). These nine clinical
scenarios will be created by combining the fluid type and flow rates. The fluids used will be
Ringers Lactate and Voluven® at room temperature (21 °C) and packed red blood cells at
fridge temperature (4 °C). Fluid flow rate will be controlled and standardised by using size

22G (36 ml/min), 20G (60 ml/min) and 18G (100 ml/min) IV cannulae.

Following the process above, the nine clinical scenarios will be recreated for each of the
BaRA devices. In addition, the BaRA variables, warming device temperature at either 37 or
43 °C and warming transit distance at either 100 or 200 cm, will be altered sequentially and

temperatures at T1 - T5 measured for each combination.
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3.8.2 Study sample
Sample size

A total of 162 experiments will be performed (Figure 3-3.). Nine experiments will be
completed with the Hotline® and will comprise the clinical scenarios. A further 36
experiments will be conducted for both the BaRA A and B devices. These 36 experiments
will be the nine clinical scenarios with sequential adjustment of each BaRA variable. Each

experiment will be completed twice in order to obtain an average temperature value for

Total Experiments
162
BaRA Setups
144*

* Each experiment completed twice

comparison.

Clinical Scenarios
18*

* Each experiment completed twice

BaRA A BaRA B
36 Experiments 36 Experiments

Clinical Scenarios
9 Experiments

Figure 3-3 Sample population
Sample method

All experiments will be included in the study. Initially the clinical scenarios using the
Hotline® will be created. This will follow a systematic approach starting with Voluven® at
each flow rate and then progressing to Ringers Lactate and then PRBC. Once the performance
of the Hotline® has been recorded under the nine clinical scenarios they will be recreated for

each BaRA configuration in the same order as for the Hotline®. For each clinical scenario, the
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warmer temperature and warming distance will be sequentially adjusted.

3.8.3 Collection of data

The multichannel thermistor and data capture application will be constructed specifically for
this experiment. This process will take place in consultation with an independent electrical
engineer and the Wits School of Electrical and Information Engineering. Calibration of the
device will take place at the Wits School of Physiology using a standardised thermometer for
reference temperature measurements. The complete construction and calibration process is

further discussed in Appendix F — Multichannel Thermistor Construction and Calibration.

Temperature monitoring thermistor probes will be secured into modified 3-way Luer
stopcocks and placed inline to the flow of fluid at positions T1, T3, T4 and T5 (Figure 2). A

thermistor probe will be secured into the warming device at T2.

The experiment will be setup as shown in Figure 2. A bubble indicator will be introduced into
the system at T1. The tap on the I'V tubing will be opened and once the bubble has reached the
end of the IV tubing, downstream to T5, the temperature recording will begin. The time taken
for the bubble to travel between T1 and T5 will be recorded as the transit period. Temperature
measurements will be recorded automatically at 500ms intervals for a period equal to the
transit period plus five seconds. These measurements will be automatically measured and

saved digitally in comma-separated value (CSV) format by the multichannel thermistor.

Each experiment will receive a unique code that will describe the experiment conditions. The
first portion of the code describes the warming device e.g. Ba — BaRA A, Bb — BaRA B. The
second portion of this code describes the fluid type and flow rate of the clinical scenario e.g.
V35 — Voluven® at 35 ml/min. The third portion of the code describes warming device
temperature and warming distance of the BaRA devices. E.g. 37.100 — temperature of 37 °C
for a distance of 100 cm. An example of this code is as follows Ba.V35.37.100. This
describes the BaRA A device using Voluven® at a flow rate of 35 ml/min with a warming
temperature of 37 °C and a warming distance of 100 cm. This unique code will also be used

to name the CSV file described above.
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3.8.4 Data analysis

Data analysis will be performed in consultation with a statistician and using the latest version
of the statistical computing and graphics programme R*. All measured temperatures will be
summarised and expressed as a mean and a standard deviation assuming a normal
distribution. T-tests will be used to compare the temperature readings at T3, T4 and T5 within
the Hotline® and the BaRA devices. One-way ANOVA will be used in the comparison of
mean temperatures between the three groups and a Bonferroni post-hoc adjustment being

applied as necessary. The level of significance will be set at 5%.
3.9 Significance of the study

Scarcity is often a catalyst for innovation and creativity. Often, it is scarcity of financial
resources that drives the quest for cheaper solutions to problems. Frugal innovation has
recently emerged as a process that matches the resource limitations with an acceptable
solution. Weyrauch and Herstatt?® describe the three criteria for frugal innovation as being a
significant cost reduction, concentration on core functionalities and optimised performance

level.

The BaRA devices are examples of frugal innovation They are novel IV warming solutions
that have emerged due to scarcity of a commercially available alternative. Compared to the
Hotline®, approximately R15 000 for the warming unit and R500 for the consumables, these
configurations are a fraction of the price. The consumables for a BaRA device will cost R5.75
per 100 cm segment of extension tubing. Both BaRA devices also focus on a core
functionality without any emphasis on aesthetics, ergonomics or electronic enhancements
such as temperature selection. What is lacking for these devices is an assessment of their

performance.

In a resource limited perioperative setting the absence of appropriate fluid warming devices
places the patient at risk of receiving cold IV fluids with resultant hypothermia and related
morbidities. This study will assess the performance of the BaRA devices and illustrate the
effectiveness, or not, of these commonly used devices which are potentially a more cost

effective method for warming IV fluids.
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3.10 Validity and reliability of the study

According to Heale and Twycross*®, validity and reliability are ways to assess the quality of a
quantitative study. Validity refers to appropriateness of a tool to measure a concept while
reliability relates the accuracy of the measurement tool in taking the measurement. The
example they offer to explain this is an alarm clock set for 07:00 that goes off every morning
at exactly 06:30. The alarm clock has a high degree of reliability but its validity is low in this

instance’®.

In order to ensure external validity of the study, experimental conditions will be kept as close
to those in a clinical setting as possible with special attention being paid to the following

factors.

e The ambient operating theatre temperature will be kept constant using the built in hospital
air-conditioning system. This temperature will be recorded before each experiment.

e Ringers Lactate and Voluven® will be stored overnight in the theatre where the
experiments will take place so that they are at room temperature before being used in the
experiments. This will be confirmed using the measurement at T1.

e The PRBC will be collected from SANBS in a cooler box to ensure that they remain
refrigerated. The unused units will remain refrigerated until they are needed for the
experiments.

e Warming device temperature will be controlled as follows: The BaRA A device relies on a
warm water bath, whose temperature will be controlled by the titration of hot water from a
boiled kettle. The forced air warmer used in the BaRA B configuration and the Hotline®
are electronic and have predetermined temperatures that can be selected.

e The thermistors probes used are highly accurate, with a range of 0.2 °C , within their
operating temperature range (-50 to 250 °C). The thermistor probes will be calibrated
against a laboratory thermometer at the Wits Department of Physiology in order to obtain
A, B and C coefficients for use in the Steinhart-Hart equation.

e The flow rate of each cannula will be verified before use. Each fluid will be run through
the cannula for a period of one minute and the volume collected in that time will be

measured to determine the cannula flow rate. Flow rate is also dependent on the driving
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pressure behind the fluid. The fluid bags will be standardised at a height of 1.5m above the
warming device to control for this.

e Data collection will occur simultaneously at all temperature points using a digital
multichannel thermistor. Two suitably trained assistants will assist the principle
investigator with the setup and data capturing during the experiments.

e Data analysis will be performed by a statistician using well known and validated statistical

tools.
3.11 Potential limitations of the study

As with any experimental study, a highly controlled environment does not represent everyday
clinical practice and so results may not have similar external validity. Commonly available IV
tubing and cannula will be used in the experiments in order to mimic real practice. While
these consumables will remain constant for the experiments, in everyday practice there are a
range of different products available with varying lengths and internal diameters that would

be substituted in their place and would affect flow rate and fluid warming characteristics.

The ambient temperature relies on a functional air conditioning system. This is on occasion
unreliable with a fluctuation in ambient temperature. The ambient temperature will be

recorded before each experiment to track any major fluctuations.

Specifically regarding the BaRA A device, there will be a degree of cooling during the
experiment and so T2 will not remain stable. Experiments will be of a short duration and so
this cooling effect is not expected to be large. Temperature at T2 will be monitored before the
start of the experiment and efforts will be made to ensure this temperature remains in a

narrow range for each experiment.

The flow rate will be gravity driven from a height of 1.5 meters from the level of the end of
the IV tubing. As the volume of fluid in the storage bag empties there will be a minor

reduction in the driving pressure.
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3.12 Project outline

The table below describes the estimated timeline for completion of events related to the study.
These times are dynamic and in light of the current COVID-19 pandemic are expected to

change.

Table 3-1 Project timeline

Activity

Proposal
preparation
Literature
review
Proposal
submission
Ethics
approval
Postgraduate
approval
Data
collection
Data
analysis

Draft article

Submission

3.13 Financial plan

The Department of Anaesthesiology will bear the cost of printing and paper for the
postgraduate approval. In addition, the department will provide the consumables excluding
the blood products for the experiments. The blood products will be supplied by SANBS at no

additional cost.
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The principal researcher will fund the remainder of the costs as outlined below

Table 3-2 Financial plan

Item Dept Principal Total
Anaesthetics Researcher

Printing (Proposal, R 150 R 150

Post graduate forms, R 12 R 12

Complete report) R 400 R 400

Consumables (IV R300 R300

cannulae and tubing,

Voluven®, Ringers

Lactate)

Multichannel R650 R650

Thermistor

Calibration R200 R200

Grand total R 1712
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4.6 Appendix F — Supplement — Multichannel thermistor and
BaRAGRABA 2.0 construction and calibration

This supplement describes the construction and calibration of the multichannel thermistor and
data capture application. This process took place in consultation with an independent
electrical engineer and the Wits School of Electrical and Information Engineering. Calibration
of the device took place at the Wits School of Physiology using a standardised thermometer

for reference temperature measurements.
Multichannel Thermistor

The circuit diagram (Figure 4 -1) below describes the construction of the multichannel

thermistor used for temperature measurement.

T
8| 2
—B 3

== 1

L] B -

 ( 3t 5

== X 6

Figure 0-1 Circuit diagram
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Table 4.1 lists the components used in the construction of the multichannel thermistor.

Table 0-1 Multichannel thermistor components

Component Manufacturer/Serial

Number

Microcontroller Arduino Uno https://www.arduino.cc/

Arduino LLC Inc, 10 St.
James Avenue, Boston

Massachusetts, 02116, USA

Thermistors 10k ohm glass bead 6 thermistors used and
thermistors labelled T1 —T6
DHTO0B103J3953SY

Communica Electronics

Resistors 10k Ohm

Table 4-2 contains the source code for the microcontroller. Note in line 14 of the
microcontroller code the values c1, ¢2 and ¢3 correspond to the A,B and C coefficients
required for the Steinhart-Hart equation. The code has been modified from the original open

source version and is available at www.create.arduino.cc .

Table 0-2 Multichannel thermistor source code

#include <OneWire.h>
#include <DallasTemperature.h>

#define ONE_WIRE BUS 5
OneWire oneWire(ONE_WIRE BUS);

DallasTemperature sensors(&oneWire);

WX R D=

_.
o

float Celcius=0;

. int sensorPins[] = {A0, A1, A2, A3, Ad};

float R1 =10000;

float logR2, R2, T;

float c1 = 1.753159443e-03, c2 = 0.5683506275¢-04, c3 = 18.16478028e-07;

e
ShELL -

void setup() {
17.  Serial.begin(9600);
18.  sensors.begin();

79



19.  Serial.println();

20.  Serial.println("t6,t5,t4,t3,t2,t1,");
21. }

22.

23. float readSensor(int number) {
24.  float value;

25.  value = analogRead(number);
26. R2=R1*(1023/value - 1);
27. logR2 =log(R2);

28. T=(1.0/(cl +c2*1ogR2 + c3 * logR2 * logR2 * logR2));
29. T=T-273.15;

30. Serial.print(T);

31. Serial.print(",");

32. return value;

33.

34. }

36. void loop() {

37. sensors.requestTemperatures();

38.  Celcius=sensors.getTempCBylndex(0);
39.  Serial.print(Celcius);

40.  Serial.print(",");

41. float val;

42. for(inti=4;i>=0;i--) {

43.  val =readSensor(sensorPins[i]);
44.

45.

46.  Serial.println();
47.  delay(500);
48. }

Figure 4-2 illustrates the modified 3-way Luer stopcock used to record inline fluid
temperatures. The thermistor was mounted within the stopcock chamber to minimise

interference with fluid flow.



3-way Luer stopcock
10k Q Thermistor

Figure 0-2 Modified Luer stopcock

BaRAGRABA 2.0

[ NON ) BaRAGRABA 2.0

Ba.V35.38.100

Enter Experiment ID: | Ba.V35/38.100 Save ID

Start Timer Stop Timer

0 seconds

Submit Experiment Time
Record Temperatures
Save Data

Figure 0-3 BaRAGRABA 2.0

BaRAGRABA 2.0 (Figure 4-3) was designed to read the data transferred from the
multichannel thermistor and save it in an appropriate format for further management and
interpretation. The application was coded on Python 3.8.2 (v3.8.2:7b3ab5921f, Feb 24 2020,
17:52:18). Table 4-3 contains the source code for this application.
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Table 0-3 Source code for BaRAGRABA 2.0

O RN B LN

import tkinter as tk

import csv

import time

import serial

root = tk.Tk()

root.geometry('400x250")

root.title('BaRAGRABA 2.0")

IDEnterFrame = tk.Frame(root, bg='grey', bd=6,pady=10)
IDEnterFrame.pack()

ExpTimFrame = tk.Frame(root)

ExpTimFrame.pack()

transFrame = tk.Frame(root)

transFrame.pack()

secondtestFrame = tk.Frame(root)

secondtestFrame.pack()

StartExpFrame = tk.Frame(root, bg='grey', bd=6,pady=10)
StartExpFrame.pack(fill=tk.X)

HHHHHH AR AR EX DI D Enter#tHHHHH AR
# Enters the experiment Identifier. Needs to update the experiment ID so that a csv filename
# is the same as the experiment ID

en = tk.StringVar()

ent = tk.StringVar()

experimentID ="

def subID():

global experimentID

ent.set(en.get())

experimentID = en.get()

ExperimentNr = tk.Label(IDEnterFrame, textvariable = ent).pack(fill=tk.X)
expLabel = tk.Label(IDEnterFrame, text='Enter Experiment ID: ').pack(side=tk. LEFT)
expEnter = tk.Entry(IDEnterFrame, textvariable=en).pack(side=tk.LEFT,pady==8)
expButt = tk.Button(IDEnterFrame, text='Save ID', command=subID).pack(side=tk.LEFT)
HHHHHHHAHHH AR E XD TIme#HHHHHHH A AR
# Experiment duration = airbubble transit time from T1-T5 + Sseconds

# The start timer will be pressed when the flow starts and stopped when

# bubble is distal to T5.

# This transit time will be used to calculate the number of items collected

# from the Arduino.

# items collected = transit time(seconds) * 2 (500ms sampling)+ 10 (5s * 2)

d = tk.StringVar()

d.set('0")

dd=0

starttime = None

def start():

global starttime,dd

if starttime is not None:

d.set(f"Running")

print("timer is running press STOP")

else:

starttime = time.perf _counter()

print(f"TIMER RUNNING @ {starttime:.2f}")

def stop():

"Stop Timer™

global starttime,d,dd

if starttime is None:

d.set(f"Stopped")

print("Timer is stopped press start")

dd = (time.perf counter() - starttime)

d.set(f" {(time.perf counter() - starttime):.2f}")

print(f"TIMER STOPPED @ {time.perf counter():.2f}")

starttime = None

print(f"Transit time is: {dd:.2f} seconds")

timStart = tk.Button(ExpTimFrame, text="Start Timer", command=start).pack(side=tk. LEFT)
timStop = tk.Button(ExpTimFrame, text="Stop Timer', command=stop).pack(side=tk. LEFT)
timTransit = tk.Label(transFrame, textvariable = d).pack(side = tk. LEFT)
SecLabel = tk.Label(transFrame, text='seconds').pack(side = tk. LEFT)
HHHHHHHAAAAAHEter Transit time for Second TEst##HH##HEHHHHEH

# enter prev experiment duration

# will save the time and assign it to variable dd

# dd used to calculate duration of arduino collection

ttime = tk.IntVar()
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71.  def SubTim():

72. global dd

73. dd = ttime.get()

74. timEnter = tk.Entry(secondtestFrame, textvariable = ttime).pack(side = tk. LEFT)

75. timButton = tk.Button(secondtestFrame, text='Submit Experiment Time', command = SubTim).pack(side = tk. LEFT)
T6.  HHHHHHHHAHHHHHH Start EXpHHHE I HAHHH A A

77. # Recording of temperature begins with this button.

78. # 2 functions are possible. Firstly RArduino() collects information

79. # from the Arduino. The number of items collected are calculated from

80. # the transit time as explained in ExpTime above

81. # The second function saves the data as a csv with filename entered in

82. # ExpIDEnter. It then clears the data[] list and the input fields on the BARAGRABA app and
83. # prepares for a new experiment.

84. data=T[]

85. def RArduino():

86. global data, ser, experimentID, dd

87. e=ent.get()

88. experimentID = e

89. duration = (dd*(1/0.5)+10)

90. ser = serial.Serial('/dev/tty.usbmodem14101', 9600)

92. foriin range (int(duration)):
93. b =ser.readline()

94. serial n=b.decode()

95. string = serial_n.rstrip()

96. data.append(string)

97. time.sleep(0)

99. ser.close()

100. print("FINISHED READING")

101. print(data)

102. print(len(data))

103. time.sleep(1)

104. print("Reminder: Review Data and Save")

105. def P2CSV():

106. global data, experimentID, d

107. print("Saving Data for experiment nr: ", experimentID)
108. with open('%s.csv' %(experimentID), 'w', newline=") as f:
109. foriin data:

110. writer = csv.writer(f)

111. writer.writerow([i])

112. data.clear()

113. strd = str(dd)

114. with open('testime’, 'a', newline = ") as t:

115. t.write(f' {experimentID} ----- {strd} \n")

116. time.sleep(2)

117. print("DONE saving experiment nr: ", experimentID)
118. d.set(0)

119. en.set(")

120. ent.set(")

121. expStart = tk.Button(StartExpFrame, text="Record Temperatures', command=R Arduino).pack(fill=tk.X)
122. saveExp = tk.Button(StartExpFrame, text='"Save Data', command=P2CSV).pack(fill=tk.X)
123. root.update idletasks()

124. root.mainloop(




Multichannel thermistor calibration

The multichannel thermistor was calibrated against the Bat-12 Microprobe Thermometer
(Physitemp Instruments INC, 154 Huron Avenue, Clifton, NJ 07013, USA). The calibration
took place at the Wits University School of Physiology teaching laboratory. The temperature,
as measured by the BAT-12, and corresponding resistance of the thermistors were measured
at three different temperatures. These temperatures were selected from the expected
temperature range of the experiments and represent the lower (0 °C) the mid-point (27 °C) and
the upper limit (50 °C) of the temperature range. These temperature-resistance pairs were
entered into the SRS Thermistor Calculator (Stanford Research Systems, available at

https://www.thinksrs.com/downloads/programs/therm%20calc/ntccalibrator/ntccalculator.htm

). A, B and C coefficients calculated by the SRS Calculator were entered into the Steinhart-
Hart equation in line 14 of the multichannel thermistor source code, and correlate with c1, c2

and c3. Figure 4-4 shows the results of this calibration

17500 I
- . B model
IEThermlstor Calculator vi.1 15000 S-H model
for Laser Diode and TEC Controllers B Data
by Stanford Research Systems Inc 12500

Please input resistance-temperature pairs:
Don't use the Enter key) 10000 a
R () T(°O)
R1: 9346,27 T1: 0,25 7500
R2: 4699,31 T2: 27,67
R3: 274178 | T3: 49,53 3000 a

Calculated Steinhart-Hart model coefficients: 2500

A = 1.75315944% e-3 0
B = 0.568350627 e-4

20 10 60

20 0
s %s.- 1 Mpan Temperature(*C

C = 18.1647802¢ e-7
Calculated § model coefficients: Model Calculator
R3 and T3 are not used (The coefficients shown on the left are used)
R(Q) T(°C)
R(25°C) = 4923.46 Q

10000 «s -25780  S-H model

B = 2087.91 K s
-2.3958 B model

Use | 1 keys

Figure 0-4 Calibration calculation
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